RFEY

[ X

"t

1

NACA RM E53A16

SECURITY INFORMATION C.. b

CONHBENTIAL Copy"

RESEARCH MEMORANDUM

INVESTIGATION OF DISTRIBUTION OF LOSSES IN
A CONSERVATIVELY DESIGNED TURBINE
By Rose L.. Whitney, Jack A. Heller, and Cavour H. Hauser

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

CLASSIFICATION CHANGED

 UNCLASSIFIED
By authority of  _ % L& /LR Date &I -7,

8 T8 -7

This material contains informalon sife mmmpg:u.ozm-mudsumnmmmmg
of the ssplonage laws, 'I‘mn 18 i' " .m-pd'ng. 8 | or revelation of which in any

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON

March 16, 1963 r" .\ L A i Il?i{f\._“i

AN ET ALRS A 1T AL T tUR Y

CONFIDENTIAL Lasctcy P, Va.



1K

09se

Kllﬁ]\i \' \ii A

NACL RM ES53A16 L T 01435 6720

NATTONAL. ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

INVESTIGATION OF DISTRIBUTION OF LOSSES IN
A CONSERVATIVELY DESIGNED TURBINE

By Rose L. Whitney, Jack A. Heller, and Cavour H. Hauser

SUMMARY

A primary objective of turbine research is to obtain information
that will aid in the design of gas turbines for any given gpplication
with minimum losses. As part of a progrem to obtain such Informetion,
Plow surveys downstream of both the stator and the rotor of an experi-
mental turbine were made in order to obtain detailed information sbout
the flow conditlons and the losses within the machine. The single-stage,
low-radius-ratio turbine studied is relatlively conservative in design,
having low rotor-inlet relative Mach number, low turning angle, and high
reaction at the rotor-root section. Burveye of the flow conditions and of
the losses wilthin the turbine are presented. The measured over-all losses
ere analyzed in order to approximate the magnitudes of the various com-
ponents of loss.

It was found that the msjor losses in the turbine were in the rotor
near the blade extremities. The losses iIn the tip region were consid-
erably greater than those near the hub. The existence of secondary flows
at the exit of both the stator and the rotor waes indicated by the presence
of low-velocity cores near both the hub and the tip sections. Analysis of
the losses by an empirical method indlcated that the rotor-profile and the
tip-clearance losses are 31 and 9 percent of the adjusted measured total
rotor loss, respectively. The remaining 60 percent loss was attributed to

secondary flows.

INTRODUCTION

One of the primary objectlves of turbine research is to obtain
information that wlll mske possible the design of gas turbines for any
given application with minimum losses. Detalled knowledge of the source,
the location, and the magnitude of the losses 1s essential In the attaln-
ment of this objective. As part of & research program aimed at obtaining
this informetion, surveys of the flow conditions and the losses downstream
of both the stator and the rotor were made in an experimental turbine.

These surveys were made in a single-stage low-radius-ratio turbine
of conservative design, having low rotor-inlet relative Mach numbers, low
turning angles, and relatively high reaction at the rotor-root section.
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The over-all performance of this turbine is presented in reference 1 for
four rotor-blade solidities. The highest efficiency (0.89) was obtained
with the 44-blade rotor, and the survey results presented herein were
obtalned st the design operating point for this configuration.

The results of the surveys of the flow conditions within a turbine
cen be Interpreted directly to obtailn the over-all losses downstream of
each blade row. However, in order to break down the total measured loss
Into the individual losses caused by the blede-profile boundary layer,
the secondary flows, and the tip clearance, additional information is
requlred. A method for calculating the profile loss for conventional
turbine blading, based on two-dimensional cascade data, is presented in
reference 2. Coefficients, based on a number of turbine investigations,
are also given in reference 2 for spproximating the losses caused by
secondary flows and tip clearance. As an initial attempt to enalyze the
over-all mesassured losses from the flow surveys in a given turbine, the
data given 1In reference 2 were used to differentiate between the varilous

sources of loss in the mechine.

In this investigation, conducted &t the NACA Lewls laboratory, the
radlal distribution of the flow and the losses within the turbine conflg-
uration were studied. In addition, the over-all measured losses were
analyzed in order to determine the approximate magnitudes of the various

components of the losses.

SYMBOLS

The following symbols sre used in this report:

or critical velocity of sound, ,’(%E— gRT', £t/sec

a
cy specific heat at—constant pressure, Btu/(1b) (°F)
g acceleration due to gravity, ft/sec?

J mechanical equivalent of heat, £t-1b/Btu

L loss, Btu/ib

P absolute pressure, 1b/sq ft

R gas constant, £t-1b/{1b)(°R)

r radius, in.

s specific entropy, Btu/(1b)(°R)

0952
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T temperature, °R

o* temperature used in determining losses,EP*Am = L, °r

v gbsolute velocity of gas, ft/sec

(¢4 angle of ebsolute velocity, measured from tangentiel direction,
eg

Y ratio of specific heats

A prefix indicating change

® circumferential position

P gas density, 1b/cu ft

Subscripts:

add ad justed

P profile

R rotor

S stator

T tip

u tangential

x axial

0 NACA standard sea-level conditions

1,2,3 megsuring statlons in turbine

Superscripts:

1

stagnation state

APPARATUS AND INSTRUMENTATION
Summsry of Blade Design

A conservatively designed single-stage turbine of free-vortex

design was used in this investigatlon; it had low rotor-inliet releative
Mach numbers, low turning angles, and high reaction at the rotor-root



4 : . . SNy NACA RM E53A16

section. The low hub-tip radius ratio (0.6) and zero tangential component
of exit velocity make this design sultgble for the last stage of a
multistage turbine. The mean-section solldity of the 44-blade rotor was
1.56, based on the axial chord. The design specifications and condi-
tlons for the turbine are presented in reference 1, which also includes
the velocity diagrams and a dlscussion of the blade-profile designs.

Turbine Installation

Dry air at—a temperature of approximately 80° ¥ end a pressure of
gbout 25 pounds per &duare inch absolute wag first passed through a filter
tank to remove any forelgn material present and was then ducted to the
turbine plenum chember. After passing through the turbine, the alr was
exhausted to the laboratory altitude-exhaust system. The power output
of the turbine was gbsorbed by an electric dynamometer.

Instrumentation

A schematic cross section of the turbine installation showing meas-
uring stations is presented in figure 1. Inlet condltlons at station 1
were determined by three stagnation-pressure probes and three stagnation
thermocouples. ' ST

A radiasl stagnation-pressure survey made at a point 1 inch upstream
of the stator leadlng edge showed almost complete recovery of the stag-
nation pressure measured &t station 1 except for relatively thin boundary
layers at the inner and the outer walls. Similarly, surveys of the flow
angle showed no whirl existing at the entrance to the stator-blade row.

Flow conditions at-the stator and the rotor exits, stations 2 and 3,
respectively, were obtained by the use of a circumferential survey
mechanism indicated in figure 2. This mechanism consisted of a complete
circumferential ring with three mounting pads at station 2, 0.25 inch
downstream of the stator tralling edge, and three mounting pads 1 inch
downstream of the rotor trailing edge at statlon 3. The three pads were
located 38° apart on the upper half of-the casing. PBrobe actuastors were
mounted on these pads so that the probes could be remotely controlled to
move to any radial positlon in the annulus and could be rotated ebout
their axes to any flow angle in the alr stream. The entire survey ring
could be circumferentially rotated 30° by means of s remotely controlled
wormt and gear drlve. 1In addition, & thln flush ring was recessed in the
fixed outer casing and driven by the probe actuator bases. The ring
contained four wall static-pressure teps equally spaced circumferentially
8t each station. The recessed ring also served to cover the six probe-
actuator slots In the fixed casing.

The stagnation pressures at the exits of the stator and the rotor
were measured wilth the center tube of a hook-type three-claw probe. The

0g9<e
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static pressure at the stator exit was measured by a wedge-type static-
pressure probe calibrated for Mach number and immersion effects. The
static pressure at the walls of each station was measured by 16 wall teps,
12 located in the inner shroud and 4 located in the outer wall in the thin
flush ring. The flow engle was obtained with both the three-claw probe
and the wedge-type static-pressure probe. A shlielded thermocouple cali-
brated for Mach number effects was used to measure the stagnation temper-
ature at the rotor exit. The photograph in figure 3 shows the types of
probe used in the flow surveys. - .

Alr flow was measured with a submerged 11.75-inch-dismeter flat-
plate orifice installed in a 24-inch duct in conformance with the speci-
flcations in reference 3. Turbine speed was measured by an electric
chronometric tachometer.

Accuracy of Measurement

The wedge-type statlic-pressure probe and the three-claw probe were
calibrated for Mach number and immersion effects in an annular tunnel
heving the same dimenslions as the turbine annulus. The shielded thermo-
couple was calibrated in a varisble-density Jet over the same range of
Mach numbers encountered in the flow investigation. The outer wall of
the calibrating tunnel was fitted with & probe-actuator mounting pad
identical with the pads on the circumferential survey ring. This mount-
ing, which permitted the probes to be axially alined wlth the flow in the
tunnel and installed directly in the survey ring, eliminated any treansfer
errors in probe alinement.

In order to establish that the outside claws of the three-claw probe
were not interfering with the pressure measurements in the regions of
fluctueting flow downstream of the rotor, check surveys were made with a
singie-claw total-pressure probe. The probe was alined with the flow by
adjusting it until a maximum reading was obtained. It was found that
identical results were obtained, so the three-claw probe was used exclu-
silvely thereafter. The veloclity gradients in the stator-blade wakes
caused the three-claw probes to be slightly misalined with the flow
direction in the blade-wake regions. However, the effect of this mis-
alinement on the probe recovery coefflcient is negligible.

The Integrated welght flow at statlon 2 checked the orifice-messured
welght flow within 1.0 percent. The discrepancy between the integrated
welght flow at station 3 and the orifice-measured weight flow was 2.0 per-
cent. The difference between integrated and orifice-measured welght flows
at station 2 was probably due to circumferential varistions and unsteady
filows. The comparatively large discrepancy between Integrated and
orifice-measured weight flows at station 3 downstream of the rotating
blades was caused primerily by the fluctuating flow existing downstream
of the rotor blades. The value of the velocity obtained from converting
the total pressure measured downstream of the rotor was somewhat larger
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than the mass-averaged value because of the characteristics of the total-
pressure probe in the fluctuating fiow. As a result, all the velocltles
measured downstream of the rotor were somewhat high, and the survey-
results at thils station should therefore be consldered only qualitatively.
The results are primarily valuable in indicating radial variations of the
flow conditions at the exit of the rotor.

EXPERIMENTAL PROCEDURE Do
&
Surveys were made downstream of the stator and the rotor. Rotor and ©
stator surveys were .not carried out simultaneocusly, because wakes. caused
by the instruments downstream of the stator would affect instrument read-
ings downstream of the rotor. The rotor was surveyed at approximately
design stagnation pressure ratio and speed. The-stetor was surveyed with
the rotor removed from the-casing. The welght flow for the stator survey
was set to correspond to that of the orifice-measured weight flow of the
rotor survey. The design values of corrected equlvalent welght flow and
stagnation pressure ratio are compared with the values measured at the
rotor as follows:
wA/6 Pz’
B pl'
Design} 16.6] 1.75
Survey | 17.3) 1.80 -

Circumflerential surveys were taken downstream of-the stator at
16 radisl positions. ZEach cilircumferential survey covered slightly more =
than one blade passage and was complete enough to define the wake regioms.
Both static and stagnation pressures were determlned.

Radial surveys were made at several circuniferential positions down-
stream of the rotor. Circumferentisl varistions were found to exist down-
gtream of the rotor because of the stator wakes that persisted through
the rotor. In figure 4, which is a plot of stagnation pressure ratioc
p |

3 _
D ageinst clrcumferentlisl positlion, the wekes are shown to occur

1 .
approximetely every 90, which is the angular spacing of 40 stator blades.
Circumferential surveys were therefore made at several radlal positions
in order to determine average values at each radius. Stagnation pres-
sure, stagnation temperature, and flow angle were determined.
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CATCULATION OF SURVEY DATA
Stator Surveys
In order to determine the radial variations of pressures, values

cbtaeined from circumferential surveys were mass-averaged according to the
following equation over one blade spacing at each radius surveyed.:

2' /P
n
eV.

Vx ae
E'CI' 2
X
—e—] 4%
f (p acr)z

Rotor Surveys

P _
Py’

Circumferential averages of stagnation pressure, temperature, and
Plow angle at several radisl points were used in conjunction with radial
surveys in order to determine the radilal variations of stagnation pres-
gure, temperature, and angle. The static pressure was assumed to vary
linearly between the averaged values cobtained from the inner-wall and the
outer-wall taps. The local efficiency was computed from the exit stag-
nation temperatures and pressures obtained from surveys and the entrance
stagnation temperature and pressure.

Losses

The losses were divided between the stator and the rotor in propor-
tion to the entropy rise in each. The rise in entropy across the turbine
at each redius was determined from the local measured values of entrance
and exit stagnation pressures and temperatures. The loss through the
turbine was then determined by subtracting the actual enthalpy change
from the 1deal enthalpy change at each redial station. A temperature o*
was then determined such that the entropy rise multipliied by T* would
equal. the total loss. The loss in the stator and that in the rotor at
each radial sEgtion were determined by multiplying the local entropy rise
in each by T . The equations for calculating the loss in this manner
are given in the appendix.

RESULTS AND DISCUSSION
Surveys of the flow conditions and of the losses were made downstream
of both the stator and the rotor of the turbine investigated. In addi-

tion, an analysis of the over-all measured losses was made in order to
approximate the various components of loss.
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Stator Losses
The losses at the exit of the stator sre shown In the form of con-

T

tour plots of the pressure-loss parameter EET—EE

v Py P2
cores caused by secondary flows exist—at both the hub and the tip. In
reference 4y photographs of smoke traces are presented which show the
flow of_the boundary-layer alr along the upper asnd lower walls of a two-
dimengional cascade toward the suction surface of the blade to form low-
velocity cores of flow displaced radially inward from the hub and the
tip similar to those observed in this investigetion.

in flgure 5. High-loss

By circumferentially mass-averaging the stagnetion pressure ratio

-p|
537 over one-blade spacing for each radius surveyed, a radial distribu-

1 !
tion of this ratio can be determined. In figure 6, thls ratio 237 is

P1

plotted against radius. The total-pressure drop near the hub of the
stator is somewhat—greater than that near the tip. The loss in total
pressure over the center portion of the blade 1s nearly negligible.

Measured Flow Conditions Downstream of Rotor

The results of the surveys of the flow condltions downstream of the
rotor are presented in figures 7 through 9.

The radlsl varlations of flow angle at the exit of the rotor are
presented in figure 7. The flow is seen to be underturned from the design
value over the lower part of the blade height, overturned over part of
the upper hdlf of the-blade, and underturned at the tip. The varilation
in flow angle near the hub is evidently caused by secondary-flow phenomena
which evidently tend to increase the underturning a short distance away

from the inner wall.

The radisl varistion of the circumferentially averaged values of the

absolute critical velocity ratio Q§!—> and the axial and tangential
er /3

components corresponding to the-measured flow angles over the blade height
are shown in figure 8. The underturning near the rotor hub caused posi-
tive values of the-tangential valoclty in this region. The dips in the
axial-velocity distribution at radii of sbout 4+7 and 6.7 inches near the
hub and the tlp, respectively, are evidently the result of low-velocity
cores of vortlces caused by secondary flows similar to those cbserved
downstream of the stator. The tangential velocity at the rotor exit is so
smell that the corresponding loss in availsble work output is practically

negligible.

434
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(p¥y)
The radial varletion of the specific mass-flow parameter (ET———?I
r

1s presented in figure 9. The trends of this curve closely follow those
of the axisl-~veloclty component.
Measured Losses Downstream of Rotor

The radial variations of the loss - mass-flow parameters are pre-
sented in figure 10. The dashed line represents the stator loss multi-

1led b £1 % ERECINE
plie Yy & mess-flow parameter Ig Tp rETE;;TI.
r (DV )5
Values of the rotor-loss - mass-flow parameter r—————T—
P 8crl1

added to the stator-loss - mass-flow parameter to obtaln the solid curve
in figure 10. The value of the measured rotor-loss - mass-flow parameter
1s smell compared with the over-8ll loss measured in the performance
study because of the inherent errors In measurements downstream of the

rotating blades.

In order to obtaln rotor-survey data which would agree with the
over-all efficiency measured in the turblne-performance study, the meas-
ured rotor-loss -~ mass-flow parsmeter weas adjusted so that the sum of the
integrated rotor loss from the adjusted survey data plus the integrated
stator loss was equal to the loss measured from the performance investi-
gaetion at the design point of operation. A rsdially constant correction

was added to the rotor-loss - mass-flow parameter z ’(pVx)s
rTipa 5
T (oVy)z
obtain paremeter ,aﬂg . TE—;——Y_ The adjusted parameter was added

to the stator-loss - mass-flow parameter to obtain the upper curve in
figure 10. Even though the sddition of a radially constant correction is
arbitrary and probably is not exact, the over-all correction is suffi-
ciently small that the loss distribution would not be appreciably changed
regardless of the correction distribution used.

Comparison of the stator-loss - mass-flow parameter with the adjusted
total-loss - mass-flow paremeter indicates that the rotor losses consti-
tute the major part of the over-all losses.

It is evident from figure 10 that the greater portion of the loss

oceurs over the imner and the outer portions of the blade span; whereas,
the loss over the center portion of the blade is comparstively small.
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The loasses over the outer portion of the blade near the tip section are
conslderably greater than those near the hub section. Any substantial
increase in over-all efficiency must be chtained by improved flow through
the rotor-blade passages near the hub and the tip.

Analysis of Stator and Rotor Losses

A method for estlmating the various losses in a furbine is given in
reference 2. The evaluation of—the profile losses 1is based on
stationary-cascade data. The difference between the total loss and the
profile loss is defined as the sum of the secondary-flow and tip-
clearance losses. An empirical method for estimating the secondary-flow
and the tip-clearance losses is also given. The method, which is based
on stationary-cascade and turblne rotor data, msy be used to predict an
average secondary and tip-clearance loss based on the blade profile and
the flow angles at the mean radius.

By use of reference 2, profile losses were camputed for the root and
the mean sections of both the stator and the rotor and also for the tip
sectlon of the stator. Because the method does not extend to profiles
such as those of the rotor-tip section, reference 5 was used in deter-
mining the profile loss for that section. Although the data in refer-
ence 5 are for decelerating compressor blading, the drag coefficilent
obtained for the tip section agrees well with extrapolated values of-the
profile~loss coefficient obtained for the hub and mean hlade sectlons
from reference 2. The losses determined from these references are
expressed as lose coefflcients In the form of the ratio of the drop in
total pressure across a blaede row to the exit dynamic pressure. A total-
loss coefficient was calculated from the measured survey data. Profile-
loss coefficients for both the stator and the rotor were determined from
the data glven in references 2 and 5 which are based on two-dimensional
cascade studies. The total-loss parameter I, was then multiplied by the
ratio of the profile-loss coefficient to ‘the total-loss coefficient in
order to obtain the profile-loss parameter LP for each blade row. An
indication of the secondary-flow and the tip-clesrance losses is obtalned
by subtracting the calculated profile loss from the measured total loss.
A value for the tip-clearance loss for the rotor was calculated.by using
the formula given in reference 2.

r (pVx)2
The measured stator total-loss - mass-flow parsmeter Lg — = zzr;r_j_
T 1

obtained from surveys and the calculated profile-loss - mass-flow
€ov,)
r 2
parameter LS,p o TE—E——Y— are plotted against radius in figure ll(a)

Over the center portion of the blade, the calculated_profile loss is
roughly twice the measured total loss. Evidently, the stator blades of

PR
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the turbine investigated herein have conslderably less profile loss than
those investigated in cascade apnd reported in reference 2. The measured
loss over the center portion of the blade is essentially constant and
constitutes the level of the asctual profile loss. The Increased losses
at the hub and the tip sections are caused by the additionsl shroud
boundary layers and the secondary flows at the blade extremities.

A breaskdown of the rotor losses is presented in figure 11(b). The
adjusted rotor-loss - mass-flow parameter obtained from surveys

r (PVy)3
LR adl o and the cslculaeted profile-loss - mass-flow parsmeter
2 J -rT ip ) b iy

"8aply
R,p Tp (p'agy)y
clearance loss is proportional to the value of the loss calculated on the

basis of informatlion presented in reference 2 and is arbitrarily dis-
tributed over the tip section of the blade as shown.

are plotted against radius. The area representing tip-

For the rotor, the calculated profile loss agrees more reasonebly
with the adjusted total loss then it did for the stator. The profile
loss is less than the adjusted total rotor loss over the entire blade
height, except at a radius of 5.2 inches where the two losses are equael.
The value of the profile loss, mass-averaged over the entlre blade height,
is 31 percent of the value of the adjusted total rotor loss. The calcu-
lated tip-clearance loss is 9 percent of the total rotor loss. The
remaining 60 percent of the. loss can be atiributed to secondary flows.

The secondary-flow loss determined in this manner is g@bout twice as large
as the secondary-flow loss predicted in figure 17 of reference 2.

SUMMARY OF RESULTS

Surveys of the flow conditions and of the losses at the exit of both
the stator and the rotor of a conservatively designed turbine suitdble
for the last stage of a multlistage turbine were made iIn order to determine
the radiel varistions of the flow and the losses within the turbine. The
following results were obtained:

l. The major losses in the turbine were in the rotor near the blade
extremities (hub and tip). The losses near the tip of the blade were
consldergbly greater than those near the hub.

2. The surveys of the stator indicated that the losses over the
center portion of this blade row were nesrly negligible. Comparison of
the stator-loss - mass-flow parameter with the adjusted total-loss ~ mass-
flow parameter indicated that the rotor losses constituted the major part
of the over-all losses.
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3. SBurveys at the exit of both the stator and the rotor showed low-
velocity cores near both the hub and the tlp sections that indicated the
existence of secondary flows.

4. The rotor profile loss and the tip-clesrance loss as calculated
with an empirical method are 31 and 9 percent of the adjusted total meas-
ured rotor loss, respectively. The remaining 60 percent of the loss was
attributed to secondary flows. _ _ -

lewis Flight Propulsion Laboratory
Netional Advisory Committee for Aeronasutics
Cleveland, Ohio : :

0952



09s2.

NACA R BSSALE — 13

APPENDIX - METHCD FOR CALCULATING OVER-ALL TURBINE LOSS
BETWEEN STATOR AND ROTOR

The over-s8ll turblne loss 1s divided between the stator and rotor
in proportion to the entropy rise in each. The over-all loss L,_z at

any radius may be calculated from the survey total-pressure and tempera-~
ture measurements at the rotor exit:

r-
T} P t T
3 3
s = e |25 (22 (w
1-3 = %ph1 T, P,
The entropy rise across the stator is
R ._ P2
A8y g=8z -8 =-FlogT (42)
The over-all entropy rise across the turbine is
I3' R, b3’
Asl—3=‘53'51=cplnqr-jln5?- (a3)

As ghown in the temperature-entropy disgram of figure 12, a temperature
T* may be defined such that

*
T Asl_s = I’ (83 - Sl) = Ll-3

or (A4)

_ In-3
TAS I

T*

After T* is obtained from equation (A4), the individual stator
and rotor losses gt any radius maey be calculated from the following rela-

tions:

*
g =T A8y

(a5)

L L

2.3 = Iy z - Dy o
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Flgure 7. - Radial varlatlon of flow angle at rotor exit.
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Flgure 8. - Radlal variatlon of critical veloeity ratio, and axial and tangential
components of eritical velocity ratio at rotor exilt.
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Figure 9. - Radisl variation of specific-welght-flow parameter at rotor exit.
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Loss - mass~-flow parameter, Btu/lb
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Figure 10. - Radial variatlon of loss - mass-flow paremeter at exit of stator and rotor.
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Figure 11. - Analysis of losses on basis of informa-
tlion presented in reference 2.
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Temperature, T
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Total loss
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Specific entropy, s

Flilgure 12. - Temperature-entropy dlagram showing method
for calculating losses for both stator and rotor.
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